Apoptosis and necrosis are two major forms of acinar cell death in acute pancreatitis and associated with specific morphological and biochemical features (16, 32) . Apoptosis is a tightly regulated process involving the caspase family of cysteine proteases and manifests as chromatin condensation, nuclear shrinkage, and reduction in cell volume but with intact plasma membranes; thus there is no leakage of cellular contents to the extracellular environment. Conversely, necrosis leads to early plasma membrane permeabilization and rupture with release of intracellular constituents to the extracellular space and no sign of nuclear shrinkage (16, 39) . Necrosis has been considered a passive, unregulated form of cell death; however, recent studies indicate that necrosis can occur in a tightly regulated fashion, called programmed necrosis (13, 20, 25, 32, 33, 42) .
Although the consequences of apoptosis and necrosis are distinct in pancreatitis, the mechanisms underlying these two types of cell death are interrelated and they both involve mitochondria (6, 7, 16, 21, 39, 48) . Apoptosis is mediated by the release of mitochondrial cytochrome c into the cytosol through outer membrane permeabilization (OMP) followed by caspase activation, whereas necrosis is associated with injury of inner membrane or opening of the mitochondrial permeability transition pore (mPTP) resulting in mitochondrial depolarization and subsequent ATP depletion (26, 48, 37, 56, 1, 34) .
Bcl-2 proteins are known important regulators of mitochondrial permeabilization (1, 26) . Proapoptotic Bax and Bak form channels in the outer membrane through which mitochondrial cytochrome c is released into the cytosol (1, 26) ; BH3-only proteins, such as Bim and Puma, activate Bax/Bak channels. In contrast, prosurvival Bcl-2 proteins such as Bcl-2 and Bcl-xL inhibit apoptosis by sequestering BH3-only proteins and Bax/ Bak (1, 26) . Notably, the prosurvival Bcl-2 proteins can also stabilize inner membrane and block mPTP opening, thus maintaining energy production and preventing necrosis (52, 53) . Our recent studies demonstrated that the predominant effect of Bcl-2/Bcl-xL proteins is to stabilize mitochondrial inner membrane integrity rather than to prevent OMP opening-caused cytochrome c release in pancreatitis (48) . Thus the prosurvival Bcl-2 proteins are now recognized to play an important role in protection of acinar cells from necrosis by stabilizing mitochondria against death signals.
Inhibitors of apoptosis proteins (IAPs) are an important family of endogenous proteins that inhibit the caspase system, the essential mediators of apoptotic death pathways (11, 12) . The importance of IAPs in regulating the type of death in pancreatitis has been reported by our group (32, 39, 54) . NF-B activation is a key early event in acute pancreatitis (39, 55) . A wealth of evidence indicates that NF-B activation plays an important role in regulation of IAPs such as c-IAP1, c-IAP2, survivin, XIAP, as well as antiapoptotic protein FLICE-inhibitory protein (c-FLIP) (12, 16, 22, 23, 39, 47, 57) .
A number of reports indicate that the programmed necrosis requires the receptor-interacting protein kinase (RIP or RIP1) (10, 14, 20, 28, 33, 49) . RIP forms a death signaling complex with the Fas-associated death domain and caspases in response to death domain receptor stimulation (10, 28, 49) . During apoptosis, RIP is cleaved and inactivated by caspase-3 and -8 (10, 28, 33) . The regulation of RIP by caspases has been suggested to be one of mechanisms underlying the protective role of caspases from necrosis in cerulein-induced pancreatitis (20, 32, 54) .
Protein kinase Cs (PKCs) are a family of serine/threonine kinases comprising 10 isoforms, namely conventional PKC isoforms (␣, ␤I, ␤II, and ␥), novel PKC isoforms (␦, ε, , and ), and atypical PKC isoforms ( and /) (35) . Each PKC isoform can be activated independently by specific stimuli and mediates distinct biological functions (36, 4, 19, 8) . In pancreatic acinar cell, four PKC isoforms, ␣, ␦, ε, and , have been detected (3) , which have been increasingly implicated in the regulation of pathological responses of pancreatitis in pancreatic acinar cells (15) . PKCε and ␦ have been shown to play a role in zymogen activation in pancreatitis (50) . Our group demonstrated that PKCε and ␦ are key regulators of proinflammatory transcription factor NF-B activation induced by CCK-8 in pancreatitis (43) . Furthermore, we demonstrated that ethanol causes specific activation of PKCε in acinar cells and that PKCε mediated the sensitizing effects of ethanol on inflammatory response in alcoholic pancreatitis, suggesting that PKCε activation plays a key role in alcoholic pancreatitis (44) .
To better understand the role PKCε in pancreatitis involving necrosis, we designed the present study to explore the molecular mechanisms through which PKCε regulates cell death responses in in vivo and in vitro experimental models of acute pancreatitis. Our findings here show that genetic deletion of PKCε decreases inflammation, necrosis, and the severity of acute pancreatitis. PKCε mediates necrosis in pancreatitis through mechanisms involving mitochondrial proapoptotic and prosurvival Bcl-2 family proteins and upregulation of nonmitochondrial pathways inhibiting caspase activation and RIP cleavage. Thus we suggest that PKCε is a potential target for prevention and/or treatment of necrotizing pancreatitis.
MATERIALS AND METHODS
Reagents. CCK-8 (CCK) was from American Peptide (Sunnyvale, CA); cerulein was from Peninsula Laboratories (Belmont, CA). Medium 199 was from GIBCO (Grand Island, NY). ␥-32 P ATP was from Perkin Elmer (Torrance, CA). Nitrocellulose membranes were from Schleicher and Schuell BioScience. Caspase-3 fluorogenic substrates Ac-DEVD-AMC were from Biomol (Plymouth Meeting, PA). Antibodies against PKCε, c-IAP1, c-IAP2, c-FLIP, survivin, or Bcl-2 were from Santa Cruz Biotechnology (Santa Cruz, CA). Cytochrome c and RIP antibodies were from BD Science (San Diego, CA). COX IV antibody was from Molecular Probes (Eugene, OR); antibodies against Bax, Bak, XIAP, Bcl-xL, GAPDH, or ERK1/2 were from Cell Signaling (Beverly, MA). VDAC1 antibody was from Abcam (Cambridge, MA). The specific PKCε translocation inhibitor peptide was synthesized as described previously (43, 44, 55) . Protein A-agarose was from Roche Applied Science (Mannheim, Germany) and the specific PKCε peptide substrate was from Calbiochem (La Jolla, CA). Other items were from standard suppliers or as indicated in text.
Experimental pancreatitis. PKCε-deficient (PKCεϪ/Ϫ) and wildtype (WT, PKCεϩ/ϩ) littermate mice were both C57BL/6J background and obtained by breeding PKCεϪ/ϩ mice generously provided by Dr. Robert O. Messing (University of California, San Francisco, CA). The phenotype of these mice was described (24) . PKCεϪ/Ϫ mice were viable, normal in size/body weight, and without display of any gross physical or behavioral abnormalities. There were no gross differences in pancreatic fat. A problem observed by the provider (24) and us was that homozygous females rarely produced litters (0 -2 pups). Thus we obtained PKCεϪ/Ϫ by breeding PKCεϪ/ϩ mice. Breeding of the PKCε-deficient mice and handling of the animals were approved by the Animal Research Committee of the VA Greater Los Angeles Healthcare System, in accordance with the National Institutes of Health guidelines.
Pancreatitis was induced in WT and PKCεϪ/Ϫ mice (25-30 g ) by up to 7 hourly intraperitoneal (IP) injections of 50 g/kg cerulein, a CCK analog used for experimental pancreatitis models. Control animals received similar injections of physiological saline. The animals were euthanized by CO 2-induced asphyxiation at 30 min, 4 h, and 7 h after the first injection, and the blood and pancreas were harvested for measurements. Tissues were immediately removed, frozen in liquid nitrogen, and stored at Ϫ80°C.
Preparation of tissue lysates, Western blot analysis, PKC immunoprecipitation, and in vitro kinase assay. Pancreatic tissue lysates were prepared and Western blot analyses were performed as described previously (43, 54) . PKCε in pancreatic tissue lysates was immunoprecipitated at 4°C overnight with the PKCε antibody (1:100) and protein A-agarose. In vitro kinase assay was performed as described (43) .
Preparation and treatments of dispersed pancreatic acini. Pancreatic acini were isolated from WT and PKCεϪ/Ϫ mice and cultured as described (54, 55) . For experimental purposes, the acini were preincubated in medium 199 with or without inhibitors and then treated further with CCK, as described (43, 54, 55) .
Enzymatic assays. Animal serum amylase and lipase activities were determined by Antech Diagnostics (Irvine, CA) Custom Service. Active trypsin in pancreatic tissue or acini homogenates was measured by using Boc-Gln-Ala-Arg-AMC as a substrate by a fluoroenic assay as described previously (29) . Caspase-3 activities in pancreatic tissue homogenates were measured by using a fluorogenic assay with substrates specific for caspase-3 (Ac-DEVDAMC) as we previously described (32, 48) . ATP level in pancreatic acini samples was measured as described (48) with a luciferin/luciferase-based ATP determination kit (Molecular Probes).
Quantification of necrosis. Necrosis in pancreatic acini was determined by the release of lactate dehydrogenase (LDH) into the incubation medium, as described previously (16, 17, 48, 54) . LDH activity was measured by use of a cytotoxicity detection kit (Roche Diagnostics, Indianapolis, IN).
Quantification of necrosis in in vivo pancreatitis was performed on pancreatic tissue (collected after 7 hourly cerulein injections) sections stained with hematoxylin and eosin (H&E). Cells with swollen cytoplasm, loss of plasma membrane integrity, and leakage of organelles into interstitium were considered necrotic. A total of at least 2,000 acinar cells were counted on tissue sections from each animal and three to five animals per condition were counted.
Quantification of apoptosis. Apoptosis was quantified in pancreatic tissue sections (7 hourly cerulein injections) stained with TdT-mediated dUTP nick end-labeling (TUNEL) to measure DNA breaks, as we described previously (16, 32) by use of the DeadEnd Fluorometric TUNEL System kit (Promega, Madison, WI). For these and other quantifications of histological measurements, a total of at least 3,000 acinar cells were counted on tissue sections from each animal and three to five animals per condition were counted.
Histological analysis for pancreas inflammatory cell infiltration and vacuolization and measurement of edema. Quantification of inflammatory cell infiltration and vacuolization was performed on H&E-stained pancreatic tissue (7 hourly cerulein injections) sections from at least four mice per group and expressed as the number of inflammatory cells or vacuoles per 100 acinar cells. Neutrophil infiltration in pancreas was further quantified by measuring myeloperoxidase (MPO) activity by using a MPO Activity Assay kit (Sigma, no. MAK068) according to the manufacturer's instructions. Pancreatic edema was evaluated by measuring the wet-to-dry weight ratio as described (18) . The results were calculated and expressed as a water index (wet wt/dry wt).
Tissue and cell fractioning and measurement of cytochrome c release. Cytosolic and mitochondria-enriched membrane fractions from pancreatic tissue or isolated pancreatic acini were prepared as described in detail (32, 48) and used as samples for Western blot analysis.
Preparation of nuclear extracts and NF-B DNA binding activity measurement. Pancreatic tissue nuclear protein extracts were prepared by using ActiveMotif nuclear extract kit (Carlsbad, CA) following the manufacturer's instructions. NF-B DNA binding activities in pancreas tissue collected 30 min after 1 injection of cerulein were measured with EMSA as described previously (43, 44, 55) .
Immunofluorescence. For immunolabeling, pancreas was dissected and fixed for 6 h in formalin. Sections were stained with primary antibodies against PKCε and mitochondrial marker protein voltagedependent anion channel (VDAC1), followed by incubation with secondary antibodies conjugated with Alexa 488 or 594 (Life Technologies, Grand Island, NY). Nuclei were counterstained with 4=,6-diamidino-2-phenylindole (DAPI). Images were acquired with a Zeiss LSM 710 confocal microscope using a ϫ63 objective.
Measurements of mRNA expression by RT-PCR. RNA isolation and conventional quantitative RT-PCR using gene specific, intron-spanning primers (Table 1 ) were performed as we described previously (48) . Mouse 18S ribosomal RNA (m18S) was used as a reference (housekeeping) control. The m18S and our target sequences were amplified at the annealing temperature 57°C during 29 or 32 cycles, respectively, to yield visible products within linear amplification range. PCR products were visualized and quantified with a FluorChem-HD2 imager (Alpha Innotech).
Statistical analysis of data. Results are means Ϯ SE and represent data from at least three independent experiments. The experimental data were evaluated by the analysis of variance (ANOVA) followed by Bonferroni multiple comparison post hoc tests with the GraphPad Prism software (GraphPad Software, La Jolla, CA), and t-tests were used to analyze differences between two groups. P Ͻ 0.05 was considered statistically significant.
RESULTS
PKC is activated in cerulein-induced experimental pancreatitis. We first examined whether PKCε was activated in vivo in experimental pancreatitis. WT mice received an IP injection of pancreatitis-causing doses of the CCK analog (cerulein, 50 g/kg) or vehicle (saline). The pancreas was collected 15, 30, and 45 min after the cerulein injection. We then performed in vitro kinase assays using PKCε isoformspecific immunoprecipitates from the pancreatic tissue lysate and a specific PKCε peptide substrate. PKCε was activated as early as 15 min after the initiation of pancreatitis and reached maximal activation at 30 min and then declined at 45 min after cerulein injection (Fig. 1) . These results indicated that PKCε activation was an early event in acute pancreatitis, consistent with the data we reported previously in an in vitro model of pancreatitis using isolated pancreatic acini stimulated with a supramaximal dose of CCK (43) .
Characterization of PKCϪ/Ϫ mice. To investigate the role of PKCε in pancreatitis, we used mice with genetic deletion of PKCε (PKCεϪ/Ϫ) and their littermate WT controls (PKCεϩ/ϩ). Genetic deletion of PKCε was confirmed by PCR ( Fig. 2A) and Western blot analysis of pancreatic acinar cell lysate with PKCε antibody (Fig. 2B) . Importantly, PKCε deletion did not alter protein expression levels of the other three major PKC isotypes (␣, ␦, ) in pancreatic acinar cells during pancreatitis (Fig. 2C ). 
Deletion of PKC decreases NF-B activation in ceruleininduced pancreatitis.
Our previous studies using specific PKCε pharmacological inhibitor in an in vitro pancreatitis model in isolated pancreatic acini demonstrated that PKCε was required for CCK-induced NF-B activation (43, 44) . Here, using the in vivo pancreatitis model, we showed that genetic deletion of PKCε largely prevented NF-B activation in cerulein-induced pancreatitis (Fig. 3A) , supporting the critical role of PKCε in NF-B activation in acute pancreatitis.
Deletion of PKC ameliorates necrosis and other pancreatitis parameters in cerulein-induced pancreatitis. Next, we evaluated the effect of PKCεϪ/Ϫ on the parameters of cerulein-induced pancreatitis. Cerulein caused a marked increase in blood amylase activity after 7 hourly IP injections of cerulein in WT mice (Fig. 3B ). This increase was significantly attenuated in PKCεϪ/Ϫ mice. Cerulein-induced intracellular trypsinogen conversion to trypsin (as measured by trypsin activity) was markedly reduced in PKCεϪ/Ϫ mice (Fig.  3C) . Reduction of trypsin conversion in PKCεϪ/Ϫ mice was also observed in an in vitro experimental pancreatitis model (Fig. 3D ) using isolated pancreatic acini stimulated with a supramaximal dose (100 nM) of CCK, which was known to cause cell pathologies of pancreatitis in vitro (17, 43, 48) . Western blot analyses of pancreatic tissue lysates showed similar protein expression levels of amylase and trypsinogen between PKCεϪ/Ϫ mice and WT mice ( Fig. 3B and 3C, bottom), which excluded the possibility that the decreased activities of blood amylase and intracellular trypsin were caused by the alteration of their expression levels in the pancreas of PKCεϪ/Ϫ mice.
In addition to the above findings, PKCε deletion dramatically ameliorated the histological damage in cerulein-induced pancreatitis (Fig. 4A) . The first salient feature of the pancreatic histological changes in PKCεϪ/Ϫ mice compared with WT mice was that cerulein-induced acinar cell necrosis was significantly attenuated (Fig. 4B ). Other histopathological features of pancreatitis including accumulation of cytoplasmic vacuoles and inflammatory cell infiltration were also greatly attenuated in PKCεϪ/Ϫ mice (Fig. 4, C and D) . Measurements of MPO activities further confirmed the attenuated inflammatory cell infiltration in pancreatitis in PKCεϪ/Ϫ mice (Fig. 4E ). Measurements of the wet-to-dry weight ratio of pancreatic tissue ( Fig. 4E ) indicated that the edema was significantly reduced in pancreatitis in PKCεϪ/Ϫ mice. All these results demonstrate that PKCε deletion ameliorates necrosis, inflammation, and the severity of acute pancreatitis.
Inhibition of PKC attenuates acinar cell necrosis and ATP reduction in the in vitro model of pancreatitis.
To corroborate the findings that PKCε promoted necrosis in the in vivo model of pancreatitis, we performed experiments on isolated pancreatic acinar cells. The acinar cells were stimulated with supramaximal (100 nM) CCK, which was known to induce pancreatitis responses in acinar cells, such as activation of trypsinogen and NF-B, necrosis, and apoptosis (17, 43, 48, 54, 55) . Therefore, this system was considered in vitro model of acute pancreatitis.
We applied two approaches to inactivate PKCε in acinar cells in this study: using the pancreatic acini isolated from PKCεϪ/Ϫ mice and using a pharmacological isoform-specific peptide PKCε inhibitor to treat WT acinar cells. WT pancreatic acini were preincubated with a cell-permeable specific PKCε translocation inhibitor peptide or a scrambled peptide (10 M, 1 h). Then PKCεϪ/Ϫ acini or the pretreated WT acini were hyperstimulated with CCK (100 nM). Changes in cellular ATP levels and LDH release into the extracellular medium were measured after 3-h incubation with CCK. We observed that CCK hyperstimulation caused increased LDH release, an indicator of cell necrosis (Fig.  5A) , which was associated with a dramatic decrease in cellular ATP (Fig. 5B ), but either genetic or pharmacological inhibition of PKCε protected the acinar cells from CCK-induced necrosis and ATP reduction.
Deletion of PKC promotes apoptosis and caspase activation in cerulein-induced pancreatitis. We investigated the effects of PKCε deletion on apoptosis in the tissue slides with in situ TUNEL assays. Our results showed that, in contrast to the inhibitory effect of PKCε deletion on necrosis in pancreatitis, cerulein-induced apoptosis increased twofold in PKCεϪ/Ϫ mice compared with WT controls (Fig. 6, A and B) . These results demonstrate the antiapoptotic effect of PKCε on acinar cell death in pancreatitis. Analysis of the effect of PKCε on the two death pathways (necrosis vs. apoptosis) showed that the ratio of necrosis to apoptosis in cerulein-induced pancreatitis was dramatically decreased (ϳ5 times less) in the PKCεϪ/Ϫ mice compared with WT (Fig. 6C) .
Apoptosis in pancreatic acinar cells is mediated mainly by activation of caspases. Supramaximal doses (100 nM) of CCK and its analog cerulein have been shown to activate caspases leading to apoptosis of pancreatic acinar cells in pancreatitis (5, 7, 17, 32, 48) . We here found that caspase-3 activation was significantly increased in PKCεϪ/Ϫ mice in cerulein-induced pancreatitis compared with WT mice (Fig.  6D) . These results indicate that PKCε regulates death pathways in pancreatitis by promoting necrosis and inhibiting caspase activation/apoptosis. Deletion of PKCε removes the blockade of PKCε on caspase activation, resulting in increased apoptosis in pancreatitis.
Deletion of PKC promotes mitochondrial cytochrome c release in cerulein-induced pancreatitis. Apoptosis is mediated by the release of cytochrome c into the cytosol followed by caspase activation. We evaluated the effect of PKCεϪ/Ϫ on cytochrome c release in cerulein-induced pancreatitis.
Cytochrome c protein levels in both cytosolic and membrane fractions were analyzed with Western blot (Fig. 7) . Interestingly, we found that genetic inhibition of PKCε promoted mitochondrial cytochrome c release (Fig. 7A) , exhibited by a faster and greater increase in cytochrome c levels in cytosol and a decrease in membrane-bound cytochrome c in PKCεϪ/Ϫ mice during pancreatitis. The blots were reprobed with an antibody against complex IV cytochrome c oxidase (COX IV, a mitochondrial integral membrane protein). The COX IV antibody did not detect any bands in cytosol (data not shown), indicating no contamination of cytosol with mitochondria. To substantiate the findings obtained with our in vivo model of experimental pancreatitis, we also measured cytochrome c release in isolated pancreatic acinar cells. The enhancement of pancreatic mitochondrial cytochrome c release-associated PKCε deletion was also observed in isolated pancreatic acini stimulated with a supramaximal dose of CCK (100 nM) (Fig.  7B) , as evidenced by a more prominent decrease in the membrane and increase in the cytosolic 14-kDa cytochrome c in the PKCεϪ/Ϫ mice acini (Fig. 7B) .
Thus both in vivo and in vitro results indicate that genetic deletion of PKCε stimulates cytochrome c release from the mitochondria into the cytoplasm during pancreatitis, accounting for the increased caspase activation and apoptosis in PKCεϪ/Ϫ mice during pancreatitis. which cytochrome c is released into the cytosol (1, 26) . Therefore, we analyzed the levels of these two proapoptotic Bcl-2 proteins in pancreatitis.
Deletion of PKC increases pancreatic mitochondrial levels of proapoptotic protein
Western blot analysis showed that Bax levels did not change in either pancreatic tissue or pancreatic mitochondria in response to cerulein-induced pancreatitis in the WT or PKCεϪ/Ϫ mice (Fig. 7C) . However, the other key proapoptotic Bcl-2 protein, Bak, was markedly upregulated at levels of both protein and mRNA during cerulein-induced pancreatitis in both mouse genotypes (Fig. 7, C and D) . More importantly, the increases of both Bak protein and its mRNA were greater (ϳ2-fold) in PKCεϪ/Ϫ mice than in WT mice in pancreatitis, which was consistent with the greater increases in cytochrome c release seen in PKCεϪ/Ϫ mice (Fig. 7A) .
Deletion of PKC causes a more prominent upregulation of pancreatic mitochondrial prosurvival Bcl-2 proteins in cerulein-induced pancreatitis. To provide insights into the mechanism of protection against cell necrosis in PKCεϪ/Ϫ mice, we next analyzed Bcl-2 and Bcl-xL, two mitochondrial prosurvival Bcl-2 proteins. Recent studies from our group indicated that these two Bcl-2 proteins stabilized pancreatic mitochondria and protected against necrosis in pancreatitis and that upregulation of Bcl-2 and Bcl-xL was a key protective mechanism against necrosis in pancreatitis (38, 48). We found that Bcl-2 and Bcl-xL protein levels increased both in the whole pancreatic homogenates (Fig. 8A, left) and pancreatic mitochondria in cerulein-induced pancreatitis in WT mice (Fig. 8B ), in accord with previous results from our group (48) . More importantly, the upregulation of Bcl-2 and Bcl-xL proteins in pancreatitis was more pronounced in PKCεϪ/Ϫ mice than in WT mice (Fig. 8) . Consistent with their greater protein levels, the mRNA expression of Bcl-2 and Bcl-xL was also more increased in PKCεϪ/Ϫ mice compared with WT mice (Fig. 8A, right) . The greater extent of upregulation of the prosurvival Bcl-2 and Bcl-xL proteins in PKCεϪ/Ϫ mice may account, in part, for the attenuation of necrosis in pancreatitis in PKCεϪ/Ϫ mice and suggests that the negative regulation of Bcl-2 and Bcl-xL proteins by PKCε might be a mechanism whereby PKCε promotes necrosis in pancreatitis.
PKC translocates to mitochondria in cerulein-induced pancreatitis.
Translocation from cytosol to membranes is a characteristic of activated PKCs. Activated PKCε has been reported to translocate to intracellular membranes in previous studies (44, 50) . The effect of PKCε on mitochondrial proteins prompted us to address the possibility of mitochondrial translocation of PKCε in cerulein pancreatitis. Again we used two approaches: subcellular fractionation, and immunostaining of the pancreatic tissue collected in cerulein pancreatitis (60 min after one IP injection) in WT mice. Comparing PKCε level in cytosolic fractions and mitochondria-enriched membrane fractions (Fig. 9A) , we found that PKCε localized predominantly in the cytosolic fraction of pancreas from control mice injected with saline and that cerulein treatment dramatically decreased the presence of PKCε in the cytosolic fraction and increased PKCε in the membrane fraction, indicating mitochondrial membrane translocation of this kinase (Fig. 9A) . The same blots were also probed with antibody against COX IV or LDH for loading controls and to assess the quality of our separation of membrane from cytosolic fractions.
The mitochondrial translocation of PKCε was further confirmed by immunostaining of the pancreatic tissue sections. Confocal immunofluorescence (Fig. 9B) showed that in saline control mice, the staining of PKCε (shown in green) distributed throughout the cytosol. Mitochondrial marker (VDAC1) was seen as sharp punctate structures (shown in red) and distributed around the nuclei, granules, and cell periphery [see DIC (differential interference contrast) image in Fig. 9B ], as described before (41) . Little colocalization (shown in yellow) of PKCε and VDAC1 was observed in the pancreatic tissue sections from saline control mice. Upon cerulein administration, we observed a condensed, ringlike pattern of staining for both PKCε and VDAC1, indicating the redistribution of PKCε and VDAC1-positive compartments. More importantly, we observed a dramatically increased colocalization of PKCε and VDAC1-positive compartments (around granules, Fig. 9B ), supporting that PKCε might translocate to mitochondria to effect death regulating proteins directly during pancreatitis. Similar results were also obtained when we used another mitochondrial marker protein, Tom20, instead of VDAC1 in immunostaining (data not shown).
Deletion of PKC decreases pancreatic levels of antiapoptotic proteins c-IAP2, survivin, and c-FLIPs in cerulein-induced pancreatitis.
Next, we determined whether PKCε regulated cell death also through nonmitochondrial pathways. IAPs are potent endogenous suppressors of caspases and play a pivotal role in regulation of cell death (11, 12, 16, 22, 23, 32, 39, 47, 55) .
We first determined whether PKCε regulates c-IAP1 and c-IAP2, two key members of the eight mammalian IAPs and endogenous inhibitors of caspase-3, 7, and 9 (12, 57), in pancreatitis. We did not detect any alteration of c-IAP1 in pancreatitis in WT and PKCεϪ/Ϫ mice (data not shown). However, we found that c-IAP2 was upregulated markedly and time dependently in pancreatitis in WT mice (Fig. 10A) , and importantly, this upregulation of c-IAP2 was significantly suppressed in PKCεϪ/Ϫ mice. We next examined the level of survivin, an endogenous inhibitor of caspase-3 (22) . Similar to c-IAP2, the time-dependent upregulation of survivin during cerulein-induced pancreatitis was also dramatically inhibited in PKCεϪ/Ϫ mice (Fig. 10B) . c-FLIP, an important endogenous protein inhibitor of caspase-8, has two splice isoforms: c-FLIP S (short) and c-FLIP L (long). c-FLIP S completely inhibits caspase-8 processing, whereas c-FLIP L allows partial processing of caspase-8 (27, 40) . We found that both c-FLIP S and c-FLIP L were markedly upregulated in pancreatitis in WT mice (Fig. 10D) . There was no significant difference in the magnitude of the upregulation of c-FLIP L between WT and PKCεϪ/Ϫ mice. However, the upregulation of c-FLIP S occurred to a greater extent in WT mice than in PKCεϪ/Ϫ mice (Fig. 10D) , indicating that the upregulation of c-FLIP S in pancreatitis was inhibited in PKCεϪ/Ϫ mice.
Furthermore, using survivin and c-FLIP S as the representatives of antiapoptotic proteins, we examined whether the observed inhibitory effect on upregulation of the antiapoptotic proteins in pancreatitis in PKCεϪ/Ϫ mice was associated with decreased mRNA levels. We found that the increased mRNA expression of either survivin or c-FLIP S during cerulein pancreatitis was dramatically suppressed in PKCεϪ/Ϫ mice (Fig.  10, C and E) , consistent with their protein levels observed in Western blotting (Fig. 10, B and D) .
We also examined whether deletion of PKCε had any effect(s) on XIAP, which was shown to significantly decrease in rat but not mouse pancreatitis models (32, 54) . We found that XIAP remained unchanged in the course of ceruleininduced pancreatitis in WT mice, and no difference was observed between WT mice and PKCεϪ/Ϫ mice (data not shown).
Thus our results indicate that genetic inhibition of PKCε has effects on several endogenous inhibitors of caspases, c-IAP2, survivin, and c-FLIPs, accounting for, at least partially, the effects observed on caspase activation and apoptosis in vivo, and indicating that PKCε probably inhibits apoptosis and caspase activation in mouse pancreatitis by enhancing the levels of these IAPs.
Deletion of PKC promotes degradation of RIP1 in cerulein-induced pancreatitis. RIP kinase has recently emerged as a key mediator of programmed necrosis in acute pancreatitis (20, 32, 54) and other diseases (10, 14, 28, 33, 49) . As we discussed earlier, RIP is cleaved and inactivated by caspase-3 and -8 during apoptosis (10, 28, 33) , which has been suggested to be one of mechanisms underlying the protective role of caspases from necrosis in cerulein-induced pancreatitis (20, 32, 54) .
Here we determined the effect of the genetic deletion of PKCε on RIP degradation (Fig. 11) . In agreement with our previous findings (32) , RIP remained at a stable level during cerulein-induced pancreatitis in WT mice. Of note, the expression level of RIP in control PKCεϪ/Ϫ mice injected with saline was similar to that in WT mice. However, RIP underwent a dramatic cleavage (ϳ60 -70%) to a ϳ30-kDa product in PKCεϪ/Ϫ mice after seven hourly cerulein injections (Fig.  11) . The results correlated with the change in caspase activities (Fig. 6D ) and IAPs levels (Fig. 10) in the two mouse genotypes, suggesting that PKCε-regulated IAPs/caspases pathways played a role in RIP cleavage/inactivation in cerulein-induced pancreatitis.
DISCUSSION
Previous work demonstrated a role for PKCε in the inflammatory response (43, 44) and zymogen activation (50) in pancreatitis. We designed the present study to investigate the molecular mechanisms through which PKCε regulates cell death responses in in vivo and in vitro experimental models of acute pancreatitis. We first demonstrated that PKCε activation was an early event in in vivo experimental model of pancreatitis. PKCε activation promoted necrosis whereas genetic inhibition of PKCε significantly ameliorated necrosis, inflammation, and the severity of pancreatitis. We then showed that the decreased necrosis in PKCεϪ/Ϫ mice was associated with marked increases in caspase activation and apoptosis pathways associated with pancreatitis. Thus the study evolved to determining both mitochondrial proapoptotic and prosurvival proteins and nonmitochondrial mechanisms that could account for necrosis regulated by PKCε.
Mitochondrial membrane permeability occupies a central position in regulation of cell death in pancreatitis. The outer mitochondrial membrane permeabilization (OMP) causes release of cytochrome c into the cytosol, which leads to activation of caspases. In contrast, opening the mitochondrial permeability transition pore causes the loss of mitochondrial membrane potential, results in subsequent decrease in ATP synthesis, loss of plasma membrane integrity, and necrosis (1, 26, 37, 48, 56) . Mitochondrial Bcl-2 proteins play a critical role in the regulation of mitochondrial permeabilization. PKCε has been known to primarily exert antiapoptotic signaling by influencing the levels/activation status of Bcl-2 family proteins that regulate mitochondrial integrity (4, 46) .
We evaluated the effect of PKCε deletion on cytochrome c release through OMP in pancreatitis. Both in vivo and in vitro results suggested that genetic inhibition of PKCε stimulated cytochrome c release from the mitochondria to the cytoplasm during pancreatitis. More interestingly, the increased cytochrome c release in PKCεϪ/Ϫ mice was closely associated with marked increases in Bak levels in both whole pancreatic tissue homogenate and mitochondria in PKCεϪ/Ϫ mice. These results suggest that inhibition of PKCε promotes OMP opening, leading to cytochrome c release and caspase activation, at least partially via upregulation of mitochondrial Bak. Next, we assessed whether PKCε inhibition had an effect on cellular ATP and cell necrosis induced by supramaximal CCK stimulation in an in vitro pancreatitis. Our results showed that inhibition of PKCε with either genetic deletion or PKCε translocation inhibitor prevented supramaximal CCK-induced ATP decrease and cell necrosis in pancreatitis.
Of note, it has been controversial whether ATP depletion plays a causal or primary role in the pathophysiology of acute pancreatitis in earlier studies (30, 31) . For example, an equivalent ATP decrease was observed in response to physiological doses of cerulein (30) in mice and in rats with supraphysiological cerulein (31), which did not develop necrosis. Recent evidence (1, 26, 48, 56) indicated, however, that necrosis in pancreatitis was associated with ATP depletion. The present study showing that inhibition of PKCε prevented ATP reduction and necrosis suggested a key role for PKCε in regulating ATP production and necrosis. The decrease in ATP itself is important but is not the only effect mediating the actions of PKCε in pancreatitis as shown in this report.
We further investigated other factors mediating the effect of PKCε on necrosis.
We analyzed expression of Bcl-2 and Bcl-xL, which were mitochondrial prosurvival Bcl-2 proteins in pancreatitis. The recent studies in our group (38, 48) indicated that these two Bcl-2 proteins could stabilize pancreatic mitochondria and protect against necrosis in pancreatitis and that upregulation of Bcl-2 and Bcl-xL was a key protective mechanism against necrosis in pancreatitis. We found more prominent upregulation of the pancreatic mitochondrial prosurvival Bcl-2 proteins in cerulein-induced pancreatitis in PKCεϪ/Ϫ mice, which may have provided the protection against cell necrosis.
Notably, previous studies have demonstrated a difference between cancer cells and pancreatic acinar cells regarding the predominant role of mitochondrial prosurvival/antiapoptotic Bcl-2 proteins (2, 9, 48). For example, the major effect of Bcl-xL/Bcl-2 inhibitors in cancer cells is increased apoptosis (2, 9) resulting from stimulation of cytochrome c release (9) . In contrast, the predominant effect of the Bcl-xL/Bcl-2 inhibitors in pancreatitis is ATP depletion and necrosis but not apoptosis, as shown in our recent studies (48, 38) .
The mechanism by which PKCε upregulates mitochondrial Bcl-2 proteins is unknown. We found that the pancreatitis treatment caused translocation of PKCε to the mitochondria. Our Western blot analyses of tissue fractions showed that PKCε translocated from the cytosol to mitochondrial membranes upon cerulein stimulation. Using immunofluorescence, we observed that PKCε distribution after stimulation was strongly colocalized with the mitochondrial marker protein VDAC1, confirming the presence of PKCε at cellular sites occupied by mitochondria. These studies suggest that PKCε may directly target mitochondria and modulate mitochondrial functions related to necrosis. These results could also account in part for the decreased ATP reduction and attenuated necrosis we found in pancreatitic acini, either treated with PKCε translocation inhibitor or isolated from PKCεϪ/Ϫ mice.
In addition to mitochondrial death pathways, the present study shows that PKCε has effects on nonmitochondrial mechanisms of caspase activation downstream of cytochrome c release. IAPs and antiapoptotic protein c-FLIP play a pivotal braking role on apoptotic signaling by inhibiting caspases (12, 16, 22, 23, 39, 47) . Some of these molecules have been shown to be key determinants of the type of cell death during pancreatitis in our studies (32, 54) . Here we found that deletion of PKCε resulted in significant decreases in pancreatic levels of antiapoptotic proteins c-IAP2, survivin, and c-FLIPs in cerulein-induced pancreatitis. These results indicate that PKCε regulates pathways that inhibit apoptosis through both mitochondrial and nonmitochondrial mechanisms.
The mechanisms of the downregulation of IAPs and FLIPs in pancreatitis caused by genetic inhibition of PKCε remain to be studied. Our results suggested that this downregulation is mediated at least in part through transcriptional mechanism, possibly through NF-B inhibition. A wealth of evidence indicates that transcriptional activation of survivin and c-FLIP through NF-B pathways is crucial in regulating cell death (12, 22, 23, 39, 47, 57) . PKCε was shown to be required for NF-B activation in isolated pancreatic acini (43, 44) . Here we demonstrated that NF-B activation in cerulein-induced pancreatitis model was potently inhibited in PKCεϪ/Ϫ mice (Fig. 3A) . These findings support the potential role of PKCε activation in regulation of IAPs through NF-B activation. Nevertheless, the complete mechanism of reduction in IAPs with PKCε inhibition needs further study.
Of additional importance, our study showed that deletion of PKCε promoted degradation/inactivation of RIP in ceruleininduced pancreatitis. RIP, a key mediator of programmed necrosis in many diseases including acute pancreatitis (10, 14, 20, 28, 33, 49) , was previously found to be cleaved/inactivated by caspase-3 and -8. Our findings suggest that increased RIP cleavage/inactivation may be a mechanism through which deletion of PKCε ameliorates necrosis in cerulein-induced pancreatitis.
In summary, our studies present the first in vivo evidence that PKCε is a critical mediator of necrosis in experimental pancreatitis through its effects on mitochondrial and nonmitochondrial death pathways. Genetic inhibition of PKCε decreases necrosis and the severity of pancreatitis. As we summarized in Fig. 12 , activation of PKCε in pancreatitis promotes necrosis through regulating mitochondrial death pathways involving Bcl-2 family proteins, OMP and cytochrome c release, and ATP depletion; and nonmitochondrial pathways involving IAPs, c-FLIPs, caspase activation/apoptosis, and RIP.
Although our findings on the role of PKCε in pancreatitis were based on cerulein pancreatitis models, evidence supports a role for PKCε in other models of experimental pancreatitis and human pancreatitis. PKCε activation mediates key pathobiological processes in alcohol-induced pancreatitis (44) . Furthermore, the cholinergic system is known to mediate exocrine pancreas functions and pancreatitis responses in humans, which we have recapitulated in a model of alcoholic pancreatitis (29) . Hyperstimulation with cholinergic agonist carbachol also induces pancreatitis responses such as NF-B activation and zymogen activation in rat pancreatic acinar cells (51, 55) , and carbachol-induced stimulation of PKC␦ and PKCε activities are required for these pathological responses (51, 55) . In addition, PKCε activation is observed in an early stage of arginine model of pancreatitis (our unpublished data). PKC inhibitors significantly reduce biliary acute pancreatitis-induced tissue injury (45) . These findings indicate a potential role for PKCε across animal models and human pancreatitis. Thus we suggest that targeting PKCε may be a novel approach for prevention or treatment of necrosis in acute pancreatitis. 
